Annual energy consumption and carbon footprints are compared in simulation for two controlled environments: plant factory and traditional greenhouse. Energy consumed for heating, ventilating, and air conditioning (HVAC) as well as supplemental lighting are included in the models. In the greenhouse case, supplemental lighting is controlled to a consistent daily light integral (DLI) of Photosynthetically Active Radiation (PAR) using Light and Shade System Implementation (LASSI). In the plant factory model, lighting power is sized according to photoperiod and DLI requirements. Building HVAC loads and system responses are computed using the ASHRAE heat balance method with a one hour time-step. Both environments are simulated in four different climates using Typical Meteorological Year (TMY) data sets. In each simulation, energy consumption and carbon footprints are shown to be significantly higher in the plant factory environment compared to the greenhouse.
INTRODUCTION
Optimal production in a greenhouse requires control of supplemental light and shades, because solar DLI is highly variable. A control strategy was developed (LASSI) that predicts remaining solar insolation based on the first few hours of the day, driving control decisions for lights and shade that produce a consistent total DLI of PAR (Albright et al., 2000) .
For growing plants in an enclosed warehouse or plant factory, no shades are needed, but lights must still be sized and controlled to meet DLI and photoperiod requirements. As a working definition, a plant factory can also be regarded as a single-story vertical farm.
It is fairly obvious that plant factories require more electricity for lighting than greenhouses, because a plant factory does not use any natural light. However, light electricity is only one end-use of annual energy consumption. Heating and cooling loads in a hydroponic environment mainly consist of building envelope heat transfer, infiltration, ventilation, evapotranspiration, solar heat gain, and heat gain from supplemental lighting. Most of these factors interact. For example, lights may offset heating loads in the winter, or add to cooling loads in the summer.
In commercial buildings, annual energy consumption can be estimated with simulation software using a model of the building and hourly TMY data. One such package, EnergyPlus (Crawley et al., 2001) , was developed by US DOE and implements the ASHRAE heat balance method (ASHRAE, 2013) . With such a tool, building geometry can be specified and interactions with HVAC, climate, and internal gains can be modeled. Unfortunately, EnergyPlus does not include models for indoor plant environments.
EnergyPlus was modified to simulate greenhouse and plant factory environments, so that their corresponding energy use and carbon footprint could be quantified and compared. Four representative US climates were chosen and simulated for each building type. This paper describes the simulation results in terms of energy usage and carbon footprint.
MATERIALS AND METHODS

Simulation engine
As part of this research, a module was added to EnergyPlus that implemented LASSI and included parameters specific to indoor plant growth, such as evapotranspiration and PPF. For the plant factory, the lighting power was sized to reach the DLI target in a photoperiod of 24 h.
Climate zones
Representative cities were chosen from four ASHRAE climate zones (Table 1) . TMY3 data sets for these cities provided the climate data for the annual energy simulations. TMY3 data represents the typical climate for a given location based on the period of record from 1991 to 2005. TMY data sets are typically used for building energy simulations, with the understanding that actual energy consumption will vary with weather. 
Model parameters
Key model parameters are shown in Table 2 . Butterhead lettuce is the assumed crop. The greenhouse is a four-section, gutter-connected structure (Aldrich and Bartok, 1994) . The same physical dimensions were used for the plant factory model, but parameters reflect the warehouse type of DOE commercial reference buildings, which follow ASHRAE 90.1-2004 standards (ASHRAE, 2004) . The standard defines different insulation levels for each climate zone, but climate zone 6 insulation values were set for each city so that the plant factory structure is identical in each climate. The plant factory model assumes a single layer of plants; this point will be returned to in Discussion.
Two control variants were simulated for each building type. The greenhouse model was simulated with and without winter ventilation. Winter ventilation helps to remove excess humidity due to evapotranspiration, but the incoming air must be heated. Without winter ventilation, it is assumed that the excess moisture condenses on the cold glazing surfaces.
The plant factory model was simulated with and without economizer control. In a commercial building, economizers are often used to save energy when outdoor conditions are suitable. If a thermal zone has a cooling load, and if the outside air is colder than the zone set point, more outside air may be brought in rather than only relying on mechanical cooling. Economizers may function based on temperature, humidity, or both. If the plant factory does not use an economizer, most of the moisture from evapotranspiration must be removed by the cooling coils.
Evapotranspiration rates vary with many factors including ambient humidity, irradiance, temperature, air circulation, and CO 2 , but these simulations assumed a constant average value of 100 mL head -1 day -1 (Ciolkosz et al., 1998) . Carbon emission factors for electricity vary with the generation methods. For example, if coal plants make up a large portion of electricity generation for a given location, carbon emissions will be higher. Table 3 shows carbon emission factors for the locations simulated (Deru and Torcellini, 2007) . 
RESULTS
For each combination of climate and building type, Figure 1 shows annual energy consumption in gigajoules per year. Energy consumption is divided into major categories of lighting, heating, and ventilation/cooling. Figure 2 shows carbon footprint in metric tonnes.
In order to illustrate seasonal variation in energy consumption, Figures 3 and 4 show monthly values for the economizing plant factory and ventilating greenhouse, respectively. Only Helena climate data were used for these figures, as monthly energy consumption in other climates is qualitatively similar. 
Sensitivity analysis
Several parameters were individually varied by ±5 and ±10% and plotted against the resulting percent changes in annual energy consumption (Figures 5 and 6) . In both the greenhouse and plant factory models, heating efficiency was the most sensitive parameter of those analyzed. 
DISCUSSION
The results presented suggest that given equal production, plant factories consume significantly more energy and have greater carbon emissions than traditional greenhouses for the range of climates in the continental US. Clearly, warmer climates favor greenhouses, due to more sunlight and less heating. But even in cold climates the greenhouse uses less energy, for the following reasons.
The evapotranspiration rate of plants and resulting latent cooling load is a significant factor in energy consumption. The moisture released into the air cools the plants and reduces the total sensible load, replacing it with a latent load. Evapotranspiration rates must be quite high in greenhouse lettuce production in order to avoid tip burn and maximize yield. Often this is accomplished by using paddle fans to enhance air circulation at the canopy. Because plant factories may have multiple closely spaced layers, proper air circulation is difficult. Figure 7 shows monthly energy consumption for a plant factory that has evapotranspiration rates halved. In this situation, only a portion of the sensible cooling load imposed by the lights is offset by evapotranspiration, resulting in sensible and latent cooling loads both being present. Overcooling is minimized, so almost no heating is required. However, the energy consumption cannot be directly compared with the greenhouse model because yields will be lower in the plant factory with reduced air circulation. This scenario is shown for illustration purposes only. The results summarized in Figures 3 and 4 assume equivalent evapotranspiration rates and yields, so that energy consumption may be compared. In the plant factory models, it was assumed that a very simple reheat system was in place to heat air that had been overcooled in attempting to remove excess moisture. Because plant factories are often built in repurposed warehouses, and such buildings typically do not have sophisticated heat recovery systems, this seemed a reasonable assumption. For the closed-system plant factory (no economizer), almost all of the sensible heat gain from the lights is offset by evapotranspiration, with just a small sensible load and a large latent load remaining. All the moisture must be removed by the cooling coils, which cannot remove moisture without also cooling the air. Because the sensible load is low relative to the latent load, the amount of overcooling is very high and in turn requires a very high amount of reheating. The climate in which the building is located has a much smaller effect than the internal loads imposed by lights and plants. The plant factory with economizer control performs somewhat better, but overcooling is still possible when cold, dry outside air is brought in to replace exhausted moist air.
In the greenhouse case, winter ventilation to control humidity also requires reheating, but possibly to a lesser degree depending on climate. The amount of reheating required is dependent on outside air temperature, whereas in the closed-system plant factory the reheating energy only varies slightly with climate.
Of the locations simulated, 74 to 92% of the required light for optimal production is provided for free by the sun in the greenhouse, representing a large electricity savings compared to the plant factory.
The disparity between plant factories and greenhouses is even larger when carbon emissions are considered. Natural gas used for heating onsite is cleaner than the fuels used to produce electricity in the locations studied, so the higher percentage of energy coming from natural gas for the greenhouse results in a proportionately lower carbon footprint.
Although only a single crop layer in the plant factory was explicitly modeled, some conclusions can be drawn about multiple layers, since the internal loads dominate. Doubling the number of layers would double the electricity for light and the latent load from evapotranspiration. Constructing multiple greenhouses would save energy over multiple layers in a plant factory.
CONCLUSIONS
For climates in the continental US, simulations indicate that greenhouses use less energy and have a smaller carbon footprint than plant factories producing equivalent yields, specifically when the plant factories use simple reheat HVAC systems. The only advantage of plant factories seems to be a small physical footprint.
Future work will investigate the effects of CO 2 supplementation on lighting and HVAC energy consumption. Control strategies will be developed that minimize the total costs of energy and CO 2 by scheduling light, shade, CO 2 , and HVAC operations appropriately. Additional types of heat recovery systems will be modeled as they may provide efficiency improvements in plant factories.
Improvements to the energy simulations will include higher fidelity models of condensation, evapotranspiration, and humidity control.
